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1.  Motivation



Why are water isotopes important?

Water isotopes provide useful information about the hydrological cycle, 
including:

• The overall intensity of the hydrological cycle.
• Transport and mixing processes in the atmosphere.
• Moisture sources (e.g. local vs distant, convection vs evapotranspiration).

Spaceborne instruments that measure isotopes of water vapor, such as TES 
and AIRS, provide regional constraints on the hydrological cycle. The 
isotopic abundance in tropospheric water vapor is significantly different from 
the isotopic abundance in precipitation, so remote sensing provides a 
unique tool. Water isotopic measurements from TES have improved our 
understanding of the water budget in:

• Tropics [Worden et al., 2007]
• Hawaii [e.g. Noone et al., 2011]
• Amazon rainforest [Brown et al., 2008]
• Asian and North Australian monsoon [e.g., Brown et al., 2008; Lee et al., 

2012]
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Introduction to Water Isotopologues

• Water has several stable isotopologues. Most abundant 
are (in order) H2O, HDO, H2

18O.
• Evaporation and condensation are fractionating 

processes, with heavier isotopologues in the condensed 
phase.

• Removal of precipitation separates the heavier 
isotopologues from the gas phase, leaving increasingly 
depleted HDO/H2O in the gas phase.



2.  Terminology



Definitions
Isotopes: elements differing only in the number of neutrons, 

Hydrogen H, Deuterium D = 2H, Tritium T = 3H.

Isotopologues: molecules differing in isotopic composition, e.g., H2O 
versus HDO.  These have slightly different physical properties, including 
molecular weight (18 versus 19) and vapor pressure.  

Fractionation: a physical process that slightly enriches or depletes one 
isotopologue relative to another isotopologue.  Condensation and 
evaporation of water isotopologues are fractionating processes, with HDO 
preferentially in the condensed phase.  The fractionation factor increases 
at lower temperature.

Delta notation: dDsample = [(HDO/H2O)sample/(HDO/H2O)SMOW - 1]*103 where 
SMOW is the reference “Standard Mean Ocean Water”.

(HDO/H2O)SMOW = 3.1152x10-4
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Figure 1. Cartoon illustrating key processes governing the isotopic composition of atmospheric water vapor. Blue
arrows indicate processes that tend to isotopically deplete water vapor, and red arrows indicate processes that tend to
isotopically enrich water vapor. The paleoclimate archives in glacial ice and in speleothems are also influenced by these
processes, which are discussed in detail in section 6.

interpretations of the governing hydrological processes and can also help diagnose deficiencies within the
models themselves.

The earliest studies of water vapor isotopic composition relied on cryogenic and mass spectrometric
techniques, which dominated the field until the mid-1990s, when the first space-based measurements were
obtained with the Atmospheric Trace Molecule Spectroscopy (ATMOS) instrument which flew aboard the
space shuttle in 1994 [Gunson et al., 1996]. This was followed by the advent of laser absorption spectro-
scopic techniques [e.g., Scherer et al., 1997] in the 1990s. General circulation models with isotope-enabled
microphysics schemes first became available in the 1980s, with more widespread use beginning in the 1990s
[e.g., Joussaume et al., 1984; Hoffmann et al., 1998].

Many of the major advances in the field have occurred within the last decade, which is part of the motiva-
tion for the present review. In the mid-2000s, relatively low-cost commercial laser absorption spectrometers
became available [e.g., Baer et al., 2002; Crosson et al., 2002], along with nearly global satellite measurements
of water vapor isotopic composition [e.g., Worden et al., 2006; Frankenberg et al., 2009] and ground-based
remote sensing data using spectra measured within global networks [Schneider et al., 2012; Rokotyan et al.,
2014]. The increased capacity to measure water vapor isotopic composition has spawned dozens of observa-
tional studies, many of which are discussed below, [e.g., Worden et al., 2007; Noone et al., 2011; Steen-Larsen
et al., 2013; Galewsky et al., 2011; González et al., 2016]. Concurrently, there have been significant advances in
the numerical modeling of stable water isotopologues through increased use of isotope-enabled general cir-
culation [e.g., Schmidt et al., 2005; Risi et al., 2012a; Sturm et al., 2010] and limited-area [Sturm et al., 2005; Smith
et al., 2006; Blossey et al., 2010] models.

To date, review papers of stable isotopes in hydrology have focused primarily on precipitation and were
written before the recent expansion of studies in water vapor isotopic composition [e.g., Gat, 1996];
furthermore, studies of stable isotopes in atmospheric water vapor have remained mostly separate from work
on, for example, the distribution [Pierrehumbert et al., 2006] or role [Held and Soden, 2000; Schneider et al.,
2010] of water vapor itself in the climate system. The goal of this review paper is thus to collect and synthe-
size the state-of-the-art in our understanding of atmospheric water vapor isotopic composition, including
measurement methods, modeling techniques, interpretive frameworks, and applications to the atmospheric
hydrologic cycle.

The paper is organized as follows: Section 2 provides background material on stable isotopologues of water,
including isotopic fractionation, Rayleigh distillation, mixing, and techniques for visualizing water vapor
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How water vapor isotopes help evaluate hydrological processes
Galewsky et al. Rev Geo. 2015
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Blue arrows describe 
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Lighter isotopes of water 

preferentially evaporate. 

Heavier isotopes 

preferentially condense. 

Different moisture 

sources have different 

isotopic composition

Tropical Transpiration ~-65 to  0 per mil

Tropical Ocean Source ~-65 to -120  per mil

Tropical bare soil         ~ -240 to -180 per mil

1) Quantifying rainfall evaporation in tropical 

monsoons (Worden et al., Nature 2007)

2) Partitioning transpiration and river run-off 

(Good et al., Science 2015)

3) Amazon transpiration initiates rainy season 

(Wright et al., PNAS 2017)



3.  MUSES Retrieval
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To extend the record of TES, this work presents a multispectral approach 
that will provide HDO/H2O data products retrieved from single-footprint 
thermal infrared (TIR) hyperspectral radiances from AIRS. 

The retrievals are processed through the MUlti-SpEctra, MUlti-SpEcies, 
MUlti-SEnsors (MUSES) retrieval algorithm [Dejian Fu et al., 2018, and 
John Worden, subm.].

MUSES Retrieval
MUSES



AIRS HDO/H2O retrievals: averaging kernels and error (right)

The MUSES team uses AIRS radiances from 
~650 to 1340 cm-1 (excluding the ozone band). 
Shown here are radiances and Jacobians near 8 
microns where radiances are strongly sensitive 
to HDO:

AIRS tropical HDO/H2O estimates 
have ~1.5 DOFS and ~20 per mil 
error



4.  Delta-D Comparisons



AIRS comparisons with ORACLES



AIRS Delta-D retrievals over Southeast Atlantic, 8-31-2016



AIRS versus ORACLES aircraft



Summary:
AIRS HDO/H2O retrievals are very well characterized ~1.5 DOFS and 25 per mil 
uncertainty

Agreement is excellent with TES (average mean difference is < 3 per mil over 
TES record)

Data Production is progressing very well.

Exciting science possibilities with ORACLES
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Remote Sensing Science: retrievals and uncertaintyHow do we turn measured top-of-atmosphere radiances to profiles of composition?

9908 C. S. Boxe et al.: Ozone profiles with ARC-IONS sondes during ARCTAS

(a)
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Figure 3 (a) V003 Data 

(b)

 35

Figure 3 (b) V004 Data 

Fig. 3. The TES-stare sequence on 5 July 2008 over Yellowknife started at 20:19 (UTC), and the ozonesonde on that day at Yellowknife was
launched at 20:07 (UTC), using V003 (a) and V004 (b) TES data.

Atmos. Chem. Phys., 10, 9901–9914, 2010 www.atmos-chem-phys.net/10/9901/2010/

)" # = #% + '(# − #%

Optimal estimation provides the error characterization and averaging kernels needed to test 
uncertainties and use data with models



400 J. Worden et al.: Profiles of CH4, HDO, H2O, and N2O
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Figure!1a:!(top)!Example!of!radiance!measured!by!TES!over!a!tropical!ocean!scene.!
(Middle)!Sensitivity!of!TOA!radiance!to!(log)!CH4,!integrated!over!the!whole!
atmospheric!column!and!normalized!by!the!TES!NESR.!(Bottom)!Same!as!middle!but!
for!N2O.!!The!red!shaded!area!indicates!the!spectral!region!used!for!TES!Version!4!
methane!retrievals.!
! !

Fig. 1a. (Top) Example of radiance measured by TES over a tropical ocean scene. (Middle) Sensitivity of TOA radiance to (log) CH4,
integrated over the whole atmospheric column and normalized by the TES NESR. (Bottom) Same as middle but for N2O. The red shaded
area indicates the spectral region used for TES Version 4 methane retrievals.
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!
Figure!1b.!Same!as!in!Figure!2a!but!for!H2O!and!HDO.!
!

Fig. 1b. Same as in Fig. 1a but for H2O and HDO.

Atmos. Meas. Tech., 5, 397–411, 2012 www.atmos-meas-tech.net/5/397/2012/

TES Radiance and Sensitivity to HDO and H2O

Overview of TES HDO/H2O retrievals (1)

Scale:
0 to -40



Overview of TES HDO/H2O retrievals (2)

~2 DOFS for 
Tropical scene


